Biostimulation to induce reduction of soluble U(VI) to relatively immobile U(IV) is an effective strategy for decreasing aqueous U(VI) concentrations in contaminated groundwater systems.
Introduction
Decades of extraction and processing of uranium (U) ore associated with increased demand during World War II and the Cold War has left many sites around the world contaminated with U.(1) A primary concern is U contamination of sediments and groundwater at U mining and milling sites.
Uranium is a persistent contaminant in the subsurface at U.S. Department of Energy (DOE) sites particularly in the western U.S.(2) In these systems, U is mobile in its oxidized state, U(VI), but relatively immobile and thus less dangerous in its reduced state, U(IV).(3,4) Through reduction of U(VI) to U(IV), aqueous U concentrations decrease in contaminated aquifers.
Biostimulation has proven to be an effective technique for decreasing U contamination in groundwater.(5−7) Aided by injection of an organic electron donor into the groundwater, microbes reduce U(VI) to U(IV). (5, 6, 8) Biostimulation also promotes reduction of Fe(III) oxides and sulfate, producing Fe(II) sulfides along with U(IV).(5−7) U(IV) and Fe(II) sulfides are sequestered within the biostimulated reduced zone (BRZ). Some U(IV) associated with microscopic colloids may be transported in groundwater under certain conditions.(9,10) The presence of Fe(II) sulfides can protect U(IV) from oxidation by reacting with oxidants and decreasing their concentrations and thus the oxidation rate of U(IV). (11−15) If oxidation of sequestered U(IV) occurs following biostimulation, the viability of this technique comes into question. U(IV) can be oxidized by nitrate, nitrite, and dissolved O 2 (DO). (12,14,16−18) U(IV) oxidation by DO occurs abiotically.(12, 14) In contrast, U(IV) oxidation by nitrate appears to be primarily a microbial process.(16−18) Nitrite, produced by microbial reduction of nitrate, may also abiotically oxidize U(IV), (16) but this process appears slow,(14) so U(IV) oxidation by nitrite may be aided by microbial activity as well. U(VI) concentrations are often utilized to track U geochemical processes, but detecting these reactions through U(VI) concentrations alone is difficult in the field and can lead to erroneous conclusions. At many Ucontaminated sites, few wells are available for groundwater sampling, and researchers cannot reliably track masses of groundwater as they advect downstream. With a well instrumented field site, the removal of U(VI) from groundwater by biostimulation can be evaluated by monitoring U(VI) concentrations downstream of the electron donor injection and comparing them to upstream values.(6) However, even in wellcharacterized sites, some geochemical reactions are still difficult to parse with U(VI) concentrations alone. For example, an observed increase in U(VI) concentration downstream of the injection wells following a biostimulation may result from the advection of U(VI) from upstream, desorption of adsorbed U(VI), and reoxidation of U(IV) produced by the biostimulation. Here we evaluate 238 U/ 235 U ratios as an independent geochemical tool for detecting U(IV) oxidation.
The two most abundant isotopes of U, 238 U and 235 U, have halflives of 4.47 × 10 9 and 0.70 × 10 9 years, respectively, (19) and may be treated as stable over short time scales such as those considered here. Variations in the relative abundances are quantified by measuring 238 U/ 235 U ratios, which are conveniently reported as a per mil deviation from that of the U isotopic standard CRM 112A:
(1)Microbial reduction has been shown to fractionate U isotopes, with the U(IV) product isotopically heavy (i.e., having relatively high 238 U/ 235 U) and the remaining U(VI) becoming isotopically light as reduction proceeds.(20−23) Abiotic U(VI) reduction has been observed to induce little to no isotopic fractionation in some studies.
(21,24) However, a recent study(25) of abiotic U(VI) reduction with Fe(II) sulfides in an aqueous matrix similar to those of natural settings detected isotopic fractionation with a magnitude similar to that of microbial U(VI) reduction. Adsorption of aqueous U(VI) results in small 238 U/ 235 U shifts, with adsorbed U(VI) isotopically light.(26−29) The process of oxidizing solid U(IV) should result in little to no isotopic fractionation (further explanation in the Supporting Information).(30) Oxidizing U(IV) previously deposited via reduction (enriched in 238 U) and releasing it to solution should increase the δ 238 U value of aqueous U(VI). Measurement of δ 238 U in groundwater has potential to detect U(IV) oxidation and aid in the assessment of the longterm stability of U(IV) in a variety of environmental settings.
To examine the relationship between U(IV) oxidation and 238 U/ 235 U ratios in a field setting, we conducted two successive oxidation experiments in 2013 and 2016. These experiments were carried out in a plot where extensive deposition of U(IV) had been previously induced by biostimulated U(VI) reduction. (7, 23) In our experiments, nitrate was injected into the subsurface to induce oxidation of U(IV). Using the results of these field experiments, we sought to evaluate 238 U/ 235 U ratios as a tool for detecting reoxidation of U(IV) produced by biostimulation and thus the potential to assess the long term viability of biostimulation as a remedial strategy. 
Methods

Previous Biostimulation Experiments
This study focuses on the site of a former U mill in Rifle, CO, with Ucontaminated groundwater (∼200 μg/L U(VI)) within a sandy gravel alluvial aquifer (detailed site characteristics in the Supporting Information).(6,7) In consecutive years, 2010-11 and 2011-12, biostimulation experiments were carried out in an array of monitoring and injection wells known as plot C ( Figure 1 ). Core samples and geophysical surveying of plot C prior to acetate amendment demonstrated that this area contained low amounts of organic carbon and Fe(II) sulfides.(31) Some differences in permeability and distribution of Fe(III) oxides have been observed within plot C, which likely affected rates of sulfate and U(VI) reduction. (32, 33) In the first year, acetate (50 mM within injection tank) was injected across the entire plot through ten injection wells, CG01 to CG10, for 23 days ( Figure 1 ).(7,23) Bicarbonate (50 mM) was also injected in the western half of the plot in wells CA01 to CA03, upstream of wells CG07 to CG09 to desorb adsorbed U(VI) ( Figure 1 ).(7,34) In the second experiment, acetate was injected at a higher concentration (150 mM) for a longer period (72 days) to induce greater sulfate and U(VI) reduction. This injection of acetate was restricted to the eastern half of plot C through wells CG01 to CG05 ( Figure 1 to CG-10 in blue. More acetate was injected into wells CG-01 to CG-05 in yellow, inducing more production of Fe(II) sulfides and U(IV).
Oxidation Experiments
Following the biostimulation experiments described above, two oxidation experiments using nitrate were performed in plot C (Table S1 and Figure 1 ). The first experiment was conducted in fall 2013, approximately two years after the second acetate injection ceased. In a storage tank, groundwater was amended with sodium nitrate (2.9 mM after mixing) and deuterium enriched water (δD = 210.8‰ after mixing) as a tracer.(35) This groundwater was injected into the eastern half of plot C through wells CG01 to CG05 (Table S1 and Figure 1 ). Therefore, only the eastern half of the biostimulation plot was subjected to this oxidation event. The amended groundwater was injected at a rate of 36 mL/min/well for 23 days, producing nitrate groundwater concentrations of 0.5 mM at the injection wells (Table S1 ).(35) Then, the injection rate was increased to 120 mL/min/well for 11 days to increase the rate of U(IV) oxidation, producing nitrate concentrations of 2 mM at the injection wells. Crosswell mixing was conducted to homogenize nitrate groundwater concentrations across the injection area.(35) Groundwater was collected by a peristaltic pump from upstream well CU01 and downstream wells CD18 and CD01, ∼1.0 and ∼2.5 m away from the injection well, respectively ( Figure 1 ). Groundwater was collected over a period of four months, capturing both the increase in U(VI) concentrations associated with U(IV) oxidation and the decrease in U(VI) concentrations after the injection ended and nitrate levels in the plot returned to normal.
The second nitrate injection was conducted in fall 2016, approximately five years after the second acetate injection ceased. Groundwater from well CU01 was added to a gasimpermeable bag and amended with sodium nitrate (44 mM after mixing) and potassium bromide (22 mM after mixing) as a tracer. The nitrateamended groundwater was injected on both sides of plot C into wells CG01 to CG03 and CG07 to CG09 for a period of 5 days (Table S1 and Figure 1 ). Groundwater was injected at a rate of 15 mL/min/well to produce nitrate concentrations of 3 mM at the injection wells, higher than the first oxidation experiment (Table S1 ). Crosswell mixing was utilized to produce consistent oxidizing fronts across the eastern half of plot C from CG01 to CG03 and across the western half from CG07 to CG09. Groundwater was collected from upstream well CU01 and downstream wells CD01 and CD14 to capture the oxidizing front from the eastern and western halves of plot C, respectively ( Figure 1 ). Groundwater was collected over a period of 22 days, capturing the increase in dissolved U concentrations associated with the onset of U(IV) oxidation.
We performed oxidation experiments on both the eastern and western halves of plot C, which had undergone distinct biostimulation treatments, to examine the consistency of the isotopic response to U(IV) oxidation, despite differences in the amount and distribution of U(IV). Both biostimulation experiments (in 2010-11 and 2011-12) had injected acetate in the eastern half of plot C, likely resulting in substantial amounts of U(IV) and Fe(II) sulfides downstream of the injection wells.
Acetate was injected in the western half of plot C only in the 2010-11 biostimulation experiment, which involved less acetate and thus less U(VI) and sulfate reduction than the 2011-12 experiment.
In addition, the western half was affected by the injection of bicarbonate to induce desorption of U(VI) in 2010-11. The differences in the conditions induced between the two sides of plot C produced distinct quantities and distributions of U(IV) and Fe(II) sulfides downstream of the injection wells. By comparing the change in δ 238 U induced by oxidation of U(IV) on the western half of plot C to the eastern half, the broad applicability of δ 238 U for detecting U(IV) oxidation may begin to be assessed. If a consistent change in δ 238 U is seen, this would suggest that δ 238 U may be applied at multiple Ucontaminated sites for identifying U(IV) oxidation from BRZ's with varying treatments for inducing reduction.
In addition, the eastern half of plot C was involved in both the first and second nitrate injections. The first injection oxidized and removed a substantial fraction of U(IV), so the second injection resulted in oxidation of some of the remaining U(IV). We aimed to investigate how oxidation of U(IV) affected subsequent changes in δ 238 U induced by later oxidation of U(IV) by comparing the isotopic change seen in CD01 of the first experiment to the second year. Documentation of a consistent change in δ 238 U would support the use of δ 238 U for detecting natural U(IV) oxidation for years following a biostimulation event, despite slow depletion of the solid U(IV) pool.
Groundwater Analyses
All collected groundwater was filtered through 0.45 μm PVDF filters before being preserved by addition of concentrated nitric acid. Groundwater samples were analyzed for δ 238 U and dissolved U concentrations on a Nu Plasma HR MCICPMS,(26,36) δD on a Los Gatos Research liquid water isotope analyzer,(7) and anion concentrations on a Dionex ion chromatograph(6) (see the Supporting Information for details). 
Results
Background Conditions
The upstream well CU01 provides information about the initial composition of water moving into plot C. In groundwater from well CU01, nitrate levels remained at background levels (∼50 μM) during the 2013 and 2016 oxidation experiments. During the first experiment, δD values of groundwater from well CU01 did not increase, confirming that amended groundwater did not travel upstream from the injection wells. δ 238 U values of this groundwater remained constant at 0.00 ± 0.04‰ despite small seasonal fluctuations in U(VI) concentrations (180 to 210 μg/L) (Table S2 ).(23) During the second experiment, transient bromide concentration increases (∼10% of concentration at injection wells) were observed in CU01, indicating some mixing of injected, amended water with upstream groundwater. However, U(VI) concentrations (170 to 180 μg/L) and δ 238 U values (∼0.0‰) of groundwater from CU01 remained constant (Table S2 ).
Groundwater in downstream wells was similar isotopically and chemically to upstream well CU01 before the induced oxidation events, but small differences in U(VI) concentrations and δ 238 U were observed due to aquifer heterogeneity (Table S2 ). Prior to the arrival of the first oxidation front, groundwater in the eastern half of plot C in downstream wells CD18 and CD01 had marginally lower U(VI) concentrations (∼170 and ∼180 μg/L, respectively) and δ 238 U values (∼−0.2‰ and ∼−0.1‰, respectively) than groundwater from upstream well CU01 (0.00‰ and ∼195 μg/L). Before the second oxidation experiment, groundwater in the eastern half of plot C from well CD01 had slightly lower U(VI) concentrations (∼155 μg/L) and δ 238 U value (∼−0.05‰) than CU01 (∼185 μg/L and 0.0‰). On the western half of plot C, CD14 appeared to have a slightly higher U(VI) concentration (∼200 μg/L) and δ 238 U value (∼0.05‰) compared to those of upstream well CU01, before the second oxidation experiment. These naturally occurring differences in groundwater chemistry are statistically distinguishable, but they are much smaller than the differences induced by nitrate injection and demonstrate that the groundwater in plot C is nearly homogeneous.
First Oxidation Experiment (2013)
Roughly 4 days after the injection of nitrate and deuteriumenriched groundwater into the eastern half of plot C began, an increase in δD was seen almost simultaneously in monitoring wells CD18 On day 23 of the experiment, the injection rate was increased from 36 to 120 mL/min/well to supply more nitrate. Two days later, δD began to increase in monitoring wells CD18 and CD01. Dissolved U concentrations increased rapidly ∼1 and ∼3 days after the arrival of higher δD waters in monitoring wells CD18 and CD01, respectively. Dissolved U concentrations reached a maximum of 503 μg/L in well CD18 and 558 μg/L in well CD01 during the experiment. On day 41, δD began to decrease in response to the cessation of nitrate injection 7 days earlier. As δDdecreased, dissolved U concentrations began to decrease but remained elevated above 300 μg/L for 88 and 79 days after the injection began in monitoring wells CD18 and CD01, respectively (Figure 2 ). δ 238 U increased as U concentrations increased in monitoring wells CD18 and CD01. δ 238 U reached a maximum of 0.37‰ in well CD18 and 0.50‰ in well CD01 as U concentrations were near their peak ( Figure 2 ). The δ 238 U changes in CD18 reflected the U concentration changes without a significant time lag. In monitoring well CD01, the δ 238 U maximum occurred several days after the concentration maximum, and the subsequent δ 238 U decrease appears to lag behind the concentration decrease.
Second Oxidation Experiment (2016)
Four days after the injection of amended groundwater, bromide began to increase in both the eastern and western sides of plot C (Figure 2) . Nitrate concentrations increased significantly in groundwater from the western half of plot C in well CD14, up to 2.0 mM ( Figure S1 ). Using the nitratetobromide ratio, this suggests only 45% of nitrate was reduced on the western half of plot C.
In groundwater from the eastern half in well CD01, nitrate was nearly completely reduced with a maximum concentration of 0.4 mM 7 days after the start of the injection.
Dissolved U concentrations increased concurrently with the arrival of bromide in monitoring wells CD01 and CD14 (Figure 2) . U concentrations increased steadily to a maximum of 726 μg/L in well CD01 11 days after the start of injection. U concentrations were still increasing in well CD14 at the conclusion of sampling with the last sample measured at 415 μg/L. The passing of the oxidation pulse was not measured in this experiment, so bromide and U(VI) concentrations did not decrease at the conclusion of sample collection 12 days after the start of the injection.
δ 238 U increased on both sides of plot C as oxidation occurred. In the western half of plot C in well CD 14, δ 238 U increased to a maximum of 0.40‰ at high U concentrations 12 days after the start of the injection. In the eastern half of plot C in well CD01, δ 238 U increased consistently in groundwater to a maximum of 0.74‰ (Figure 2 ) 10 days after the start of the injection. 
Discussion
Nitrate Consumption and U(IV) Oxidation
By examining the consumption of nitrate, we estimated how quickly and intensely nitrate affected the aquifer microbial community, which can couple nitrate reduction to release of U and oxidation of other reduced solids such as Fe(II) sulfides. For the east half of plot C, we observed almost complete consumption of nitrate upstream of monitoring wells CD01 and CD18 during the first nitrate injection. The nitrate injection stimulated microbial growth; increases in the number of Fe oxidizing and Soxidizing bacteria were observed.(35,37) These microbes appeared to rapidly couple the oxidation of reduced Fe and S phases to the consumption of most of the nitrate.
(35)Nitrate removal may also have been coupled to the oxidation of organic carbon.
The nitrate injection also induced remobilization of U, which is evident in increasing dissolved U concentrations in the downstream wells ( Figure 2 ). We believe that the vast majority of this increase was due to U(IV) oxidation. A portion of this increase in dissolved U (defined as U collected through 0.45 μm filters) could be due to release of U(IV)bearing colloids during the nitrate injection(9,10) (see discussion of impact in the Supporting Information). During our first oxidation experiment, the increase was delayed ∼4 and ∼19 days in monitoring wells CD18 and CD01, respectively, after the arrival of the conservative tracer. After the nitrate injection rate increased, U(VI) concentrations increased significantly ∼1 and ∼3 days after the arrival of higher concentrations of conservative tracer. This small lag is attributed to adsorption of U(VI) to aquifer solids. The adsorbed U(VI) pool in the aquifer is considerably larger than the dissolved U(VI),(38)and thus downstream advection of U(VI) is anticipated to be retarded relative to advection of nonadsorbing species.(39) During the onset of U(IV) oxidation, as aqueous U(VI) was generated near the injection wells, much of this U(VI) must have adsorbed to aquifer sediments, slowing advection of the U(VI) concentration pulse. A second possible cause of this lag was that microbial oxidation of U(IV) coupled to nitrate reduction did not begin immediately after the start of injection, but rather after growth of nitraterespiring microbes.
In the second oxidation experiment, the lag was shorter; groundwater U(VI) concentrations increased in wells CD01 and CD14 within 3 days (Figure 2) . We attribute the difference to the lower initial nitrate injection concentrations used in the first experiment, which would have resulted in slower growth of microbes coupling U(IV) oxidation and nitrate reduction. In addition, more nitrate respiring microbes were likely available initially in the second experiment for nitrate reduction due to their growth in the initial nitrate amendment.
Comparison of the east and west halves of plot C reveals that less nitrate reduction occurred on the west half of the plot. Only 45% of nitrate was consumed upstream of well CD14, in contrast with near complete reduction upstream of well CD01 on the east half. The lower consumption of nitrate on the western half is attributed to the presence of lower quantities of reduced Fe and S phases.
This difference is consistent with the plot history, where two successive biostimulation experiments in 2010-11 and 2011-12 impacted the eastern half of the plot, with the 2011-12 experiment being much more intense, whereas only the weaker biostimulation experiment in 2010-11 impacted the western half of the plot.
Amount of U(IV) Oxidized
Using the detailed history of U(VI) concentrations, we can estimate the mass of U(IV) that was oxidized by the first nitrate injection. This, in turn, allows us to examine how the δ 238 U of U(VI) generated by oxidation of a BRZ varies as the U(IV) is consumed over time. By comparing groundwater U(VI) concentrations from monitoring well CD01 with those of upstream well CU01 during the biostimulation experiments and subsequent oxidation experiments, we can estimate the mass of U(IV) deposited during biostimulation and the fraction of total U(IV) lost during the oxidation experiment. We assume that well CU01 provides a good estimate of the initial composition of upstream groundwater entering plot C and eventually arriving at CD01. Any difference in concentration is attributed to U(VI) lost from reduction or added from oxidation of U(IV). The mass of U(IV) added or lost, per unit crosssectional area perpendicular to groundwater flow, can be calculated by
(2)where groundwater velocity (V gw ) is 0.5 m/day and porosity ( ) is 0.27. φ (6) A positive result represents the addition of U(IV) to the aquifer and a negative result represents loss of U(IV). For the two biostimulation events combined (2010-11 and 2011-12) , ∼5600 mg/m 2 U(IV) was deposited upstream of CD01. For the first oxidation experiment, ∼1970 mg/m 2 was oxidized. Therefore, we estimate that a significant portion, 35%, of U(IV) was oxidized on the east half of plot C in the first oxidation experiment and was not available for the second oxidation experiment. Natural U(IV) oxidation at other times was slow (less than 3 mg/m 2 /day), as evidenced by no significant difference between δ 238 U and U(VI) concentrations of background well CU01 and monitoring well CD01.
Adsorption and desorption affect aqueous U(VI) concentrations in CD01. , and f ads is the fraction of U(VI) in a given aquifer volume that is adsorbed to aquifer sediments, out of the total pool, adsorbed and dissolved. Despite differences in aquifer conditions, the calculated isotopic signature of U(IV) for all monitored wells was fairly consistent: 0.48‰, 0.49‰, 0.69‰, and 0.47‰ for groundwater from wells CD01 and CD18 during the first experiment and wells CD01 and CD14 during the second experiment, respectively. Different biostimulation conditions as well as prior oxidation events had only small effects on the δ 238 U of the remobilized U(IV). These results support the use of δ 238 U to detect U(IV) oxidation following biostimulation. However, due to the significant uncertainty provided by complications of U(VI) adsorption, U(VI) reduction, isotopic heterogeneity of U(IV), and U(IV) colloids (explained further in the Supporting Information), determinations of the amount of U(IV) release are semiquantitative.
Environmental Implications
During our oxidation experiments, a significant increase in δ 238 U (∼0.4‰) was observed. where a uranium and vanadium mill operated between 1924 and 1958. This mill generated mill 18 tailings that were stored on site and leached urani um into the groundwater (1). These mill tailings 19 were removed from the site, but U(VI) groundwater c ontamination persisted within the shallow 20 (~3 m) alluvial aquifer (1, 2) . Numerous biostimulati on experiments have occurred at several 21 locations on the site to study processes associated with biostimulation as part of the Integrated 22 Field Research Challenge (1) . In addition to U(VI) contamination (~200 μg/L), groundwater at 23 Rifle, CO contains relatively high levels of sulfat e (~7 mM), bicarbonate (~10 mM), sodium (~8 24 mM), magnesium (~4 mM), and calcium (~4 mM), but typi cally low levels of DO (<0.2 mg/L) 25 and nitrate (<0.25 mg/L) (1, 3) . During periods of s nowmelt, the water table rises incorporating 26 more oxidants (4,5), which may naturally oxidize U( IV). Pore water velocity of groundwater is 27 dependent on local lithology, but ranges from 0.1 t o 0.6 m/day (1) . The aquifer sediment 28 contains about 0.1% organic carbon (6). In additio n, the aquifer at the Rifle site contains 29 naturally reduced zones with lower permeability and higher natural organic carbon content (6,7) 30 than the surrounding aquifer sediments. U(VI) reduc tion and U(IV) and Fe(II) sulfide 31 accumulation occurs within these naturally reduced zones, but coring and geophysical surveying 32 of plot C revealed no evidence of naturally reduced sediments within the injection area (8). 33 Physical heterogeneity within plot C could generate some groundwater velocity differences that 34 had secondary effects on U(VI) and sulfate reductio n during the biostimulation experiments (2). The authors declare no competing financial interest.

